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Abstract The impact of climate warming on the ocean
near Greenland is investigated with a high resolution cou-
pled global climate model. The ocean around Greenland
exhibits a strong warming in response to a four times
increase of present-day atmospheric CO; levels. The sig-
nal is intensified in the intermediate layer and regionally
strongest in the Greenland Sea. The projected changes in
temperature are driven by changes affecting the large-scale
ocean circulation rather than changes of the local atmos-
pheric heat forcing. The ocean conditions examined here
provide a background for the water masses in contact with
the outlet glaciers around the Greenland coast. The future
warming of the warm subtropical-origin layer could thus
lead to enhanced ice sheet melting, although the signal
could be mitigated by other effects, including an enhanced
stratification of the surface fresh layer. Applying a sim-
ple parameterization to estimate the change in melt rate
along the Greenland coast, we find that ice sheet melting
increases everywhere in response to the change in water
mass properties, although the melt rate changes show large
variations in space. The largest melting acceleration is
found on the east coast between Fram Strait and Denmark
Strait, where both the parameterization applied to present-
day conditions and observations suggest moderate melting
up to now. These model results caution that the Greenland
Ice Sheet mass balance should be monitored everywhere
and not only where melting occurs at the moment.
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1 Introduction

Satellite observations have revealed that the rate of mass
loss from the Greenland Ice Sheet (GrIS) has strongly accel-
erated over the past two decades (e.g., Velicogna 2009),
increasing the ice sheet’s contribution to sea-level rise
(Rignot et al. 2011). This contribution is expected to fur-
ther increase in the future due to increasing greenhouse gas
emissions (IPCC 2013; Gregory and Huybrechts 2006). A
large part of the GrIS mass loss is attributable to the retreat
of marine-terminating outlet glaciers, mainly in the western
and southeastern sectors of Greenland (Rignot and Kanaga-
ratnam 2006; Howat et al. 2008; Moon and Joughin 2008).

Marine-terminating glaciers around Greenland are of
two types. Most are tidewater glaciers with vertical calving
faces where melting can occur along the submarine portion
of the face. Warm water will tend to melt the grounded ice
of these glaciers, causing the grounding line to retreat and
leading to increased calving (Rignot et al. 2010). In con-
trast to Antarctica, only a few outlet glaciers terminate in
floating ice shelves around Greenland. Basal melting is a
major factor controlling the mass balance of this latter
type of glacier. In both cases, the properties of the water
masses in contact with the ice can greatly influence the fate
of the glaciers and, as such, future changes in water mass
properties in the whole subpolar region may have a large
impact on the outlet glaciers and the GrIS. In-situ observa-
tions in different glacial fjords around Greenland support
the idea that these fjords contain warm water that could
supply enough heat to melt significant amounts of ice (Hol-
land et al. 2008; Straneo et al. 2010; Murray et al. 2010;
Johnson et al. 2011) but the mechanisms governing glacier/
ocean interactions and the dynamics of these warm-water
penetration into the fjords remain poorly documented and
are not well-understood.
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Synthesizing data about ocean properties near glaciers
around Greenland for which melt rate observations could
be found over the past decade, Straneo et al. (2012b) pro-
posed a potential link between the large-scale water mass
properties in the North Atlantic and the Nordic Seas and
the properties of the water masses observed in the different
fjords. Although the local geographic and atmospheric con-
ditions in each fjord can strongly modulate local oceanic
properties and thus influence the melt rate of individual
glaciers, the idea of a large-scale control on glacier melting
around Greenland is consistent with the currently observed
widespread and simultaneous retreat of glaciers around
Greenland and the concurrent warming of the subtrop-
ical-origin waters in the Irminger Sea (Hatdin et al. 2005;
Thierry et al. 2008; Sarafanov et al. 2008) and along the
west coast of Greenland (Holland et al. 2008).

Using projections from 19 IPCC AR4 climate models,
Yin et al. (2011) estimate a ~2 °C warming on average of
the water masses found in the intermediate layer (at a depth
of 200-500 m) around Greenland by 2100. This is twice as
big as the mean global warming for the same depth. The
maximum warming simulated by these models is found in
the Greenland and Norwegian Seas. If these warm water
masses reach the coast, they could affect the stability of
outlet glaciers on the northeastern side of Greenland, where
little or no glacier retreat has been observed so far (Moon
and Joughin 2008; Seale et al. 2011). Climate models also
predict an increase in the freshwater export out of the Arc-
tic, along both sides of Greenland (Koenigk et al. 2007;
Jahn and Holland 2013). This advective freshwater flux
tends to increase the stratification in the surface layer and
may therefore further contribute to isolate the Greenland
coast (and its outlet glaciers) from the warm water influ-
ence in the intermediate layer.

Although nearly all the climate models analyzed by Yin
et al. (2011) predict a warming of the water masses in the
intermediate layer around Greenland, the amplitude of this
warming differs widely across the models (ranging from 0
to 4 °C). The multi-model mean of the projected tempera-
ture changes may, however, not be a reliable indicator of
expected change without a careful assessment of the abil-
ity of the different models to simulate the present state, and
a further investigation of the differences between models
(Knutti et al. 2010). Confidence in the projections is also
undermined by the fact that one might genuinely question
the capability of IPCC-class climate models (with their
typical horizontal ocean resolution of ~1°-2°) to correctly
simulate the circulation and predict its changes in the sub-
polar region (e.g., Treguier et al. 2005).

The aim of this study is to evaluate the potential role
of the ocean in altering the stability of Greenland’s outlet
glaciers. This is achieved by investigating the hydrographic
and dynamical changes around Greenland simulated by a
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global coupled climate model forced by increasing levels
of atmospheric CO»,, and then estimating the change in
ocean-induced melt rates due to these changes. Rather than
using projections from a large set of climate models, our
approach consists of the detailed analysis of one climate
model, which is currently one of the high-end models in
terms of its resolution (Shaffrey et al. 2009). Although the
magnitude of the simulated ocean-induced melt rates are
uncertain, the results highlight the importance of regional
and basin-scale oceanic conditions as modulators of the
fate of glaciers around Greenland.

The remainder of this paper is organized as follows.
The model and simulations used in the study are briefly
described in Sect. 2. This is followed by an assessment of
the model’s ability to simulate present-day conditions in
the subpolar region. The large-scale changes affecting the
water mass properties and the circulation in the subpolar
region are investigated in Sect. 3, with a focus on the condi-
tions near the Greenland coast in Sect. 4. The implications
of the simulated ocean warming for the GrIS are discussed
in Sect. 5. A summary and conclusions are given in Sect. 6.

2 Numerical model data
2.1 Model simulations

The simulations used in this study were performed with the
High-Resolution Global Environmental Model (HiGEM),
which is an ocean—sea ice—atmosphere coupled model
based on the Hadley Centre Global Environmental Model
(HadGEM; Johns et al. 2006). A full description and basic
evaluation of the HIGEM model can be found in Shaffrey
et al. (2009). It uses a spherical latitude-longitude grid with
an atmospheric horizontal resolution of 0.83° latitude x
1.25° longitude and 38 vertical levels, and a 1/3° x 1/3° reso-
lution ocean with 40 unevenly-spaced levels in the vertical.
For the ocean component, parameterizations include a scale-
selective biharmonic scheme for the momentum dissipation,
the isopycnal formulation of Griffies et al. (1998) with con-
stant isopycnal diffusivity for the lateral mixing of tracers,
and a biharmonic scheme to represent enhanced mixing of
temperature and salinity in the upper 20 m. Eddies are per-
mitted at mid and low latitudes and are parameterized at high
latitudes by the Gent and McWilliams (1990) adiabatic mix-
ing scheme with a latitudinally varying thickness diffusion
coefficient, and the adiabatic biharmonic scheme of Roberts
and Marshall (1998). The sea-ice model is the Community
Ice Code (CICE) (Hunke and Dukowicz 1997), that uses an
elastic-viscous-plastic rheology and a five-category ice thick-
ness distribution. The ocean and the atmosphere are initial-
ized from rest using data from the World Ocean Atlas 2001
(Boyer et al. 2005) and the ECMWEF analysis, respectively.
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Fig. 1 Mean barotropic streamfunction (in Sv) for the CTRL and the 4 x CO» runs and the difference between the two runs

Two simulations are analyzed. The first is a 150 year
control integration (labelled CTRL) in which greenhouse
gases are kept constant at present-day concentrations (the
concentrations of CO», CHy, and N, O are 345 ppm, 1,656,
and 307 ppb, respectively). The second simulation (labelled
4 x COy») is initialized from the CTRL simulation at year
30 and then integrated for 100 years. For this integration,
the atmospheric concentration of CO; is increased by 2 %
per year for 70 years until levels reach 4 times the present-
day level, and then kept constant for a further 30 years.
This increase in CO; is comparable to (although slightly
stronger than) the least conservative scenario used for the
IPCC AR5 (RCP 8.5).

For the present study, we use 20 years of each simula-
tion (years 110-129). Monthly outputs over the 20 years
are averaged month by month to create a climatological
year for each simulation. The difference between the two
runs then provides us with an indication of the change
in ocean conditions due to increased levels of CO; in the
atmosphere.

2.2 Model evaluation

We first evaluate the capacity of the model to accurately
simulate the present-day ocean circulation and water mass

properties in the subarctic region around Greenland. The
mean state and the seasonal variations of the CTRL simu-
lation are examined and compared with available observa-
tions or climatology. Figure 1a shows the mean barotropic
streamfunction derived from the vertically integrated cur-
rents for the CTRL run in the subpolar region. A classi-
cal pattern stands out, with two distinct structures. The
cyclonic subpolar gyre is maximum in the Labrador Sea,
with a mean intensity of 15 Sv in this region. This is
weaker than previous estimates from in-situ observations
(~35-40 Sv, e.g., Fischer et al. 2004) or ocean-sea ice
models with resolutions similar to HIGEM (~15-40 Sv;
Treguier et al. 2005; Danabasoglu et al. 2014). The weak
intensity of the subpolar gyre is likely related to the inten-
sity of the winds over this region, which are also weaker in
the CTRL run than in the NCEP reanalysis (Fig. 2), up to
40 % weaker for the maximum in the North Atlantic sec-
tor. A weak subpolar gyre could limit heat supply to the
coast of Greenland, which could bias our results. Because
the barotropic circulation is weaker, however, it is expected
that the ocean-induced melt rates we calculate in Sect. 5,
which only consider temperature and not heat transport,
likely represent conservative lower bounds. Mid-latitude
heat transport and overturning circulation are generally cor-
related in coupled models (Schneider et al. 2007) but the
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Fig. 2 Intensity of the wind stress (in N/m?) for the CTRL and the 4 x CO; runs and the NCEP reanalysis (averaged over 1971-2000), as well as

the difference between the two runs

link between temperature, or more generally hydrographic
biases, overturning circulation and the barotropic circula-
tion of the subpolar gyre in model simulations is not at all
clear (Danabasoglu et al. 2014; Plancherel 2014).

Two branches of current flow northward from the Sub-
polar Gyre. The first branch flows through Denmark Strait.
The net transport through this strait is slightly overesti-
mated in the model (~6 Sv southward resulting from the
sum of the East Greenland Current (EGC) flowing south-
ward and the branch of current flowing northward on the
eastern side of the strait) compared to observations (~4.6
Sv southward, Hansen et al. 2008). The second branch
extends northward over the Iceland-Scotland ridge and
feeds a second cyclonic gyre in the Greenland and Nor-
wegian Seas. The mean barotropic transport in this gyre
is 6 Sv. This is comparable to the results of Isachsen et al.
(2003) and Drange et al. (2005) from a barotropic idealized
model and a general circulation model, respectively.

The subpolar and Greenland Sea gyres comprise rela-
tively warm and saline water originating from the subtrop-
ics (McCartney and Talley 1982; Hattin et al. 2005; Drange
et al. 2005). Figure 3 shows the temperature at the verti-
cal temperature maximum, and the depth of this maximum,
computed at each grid cell from the CTRL run and from
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the PHC climatology (Steele et al. 2001). The tempera-
ture maximum is a good tracer of these subtropical-origin
water masses because they keep their warm signature as
they flow northward into the subpolar region (Hatdn et al.
2005) and the Arctic Basin (Coachman and Barnes 1963;
Lique and Steele 2012). The CTRL run and the PHC clima-
tology both show the warmest water on the eastern side of
the North Atlantic, along the pathway of the North Atlantic
Current. The signature of the subtropical waters is visible
at all depths on the southern and eastern sides of the basin,
with the temperature maximum being found at the surface.
Along the Greenland coast, the temperature maximum is
colder (~1-2 °C) and deeper (~200 m) (Fig. 3). The over-
lying layer consists here of fresh and cold water exported
from the Arctic through Fram Strait. It flows southward
along the eastern coast of Greenland within the EGC, that
becomes the West Greenland Current (WGC) after Cape
Farewell when flowing northward in the Labrador Sea
towards Baffin Bay. The spread of water originating from
the Arctic can be followed by computing the vertically inte-
grated freshwater content between the surface and the depth
of the 34.7 psu isohaline (Fig. 4). This limit has been used
in previous studies to identify the Arctic-origin water mass
passing through Fram Strait (Schlichtholz and Houssais
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Fig. 3 Temperature of the local vertical temperature maximum (top the PHC climatology (Steele et al. 2001), as well as the difference
four panels) and the depth where the maximum temperature can be between the two model runs
found (bottom four panels), computed from the two simulations and
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FW content - surface to Z(S = 34.7)

CTRL run 30

Fig. 4 Mean freshwater content integrated from the surface to the
depth of the 34.7 psu isohaline, computed from the two simulations
and the PHC climatology (Steele et al. 2001), as well as the differ-

1999) and is an appropriate limit to define this water mass
in the HIGEM model. Changes in the freshwater content of
the surface layer reflect changes in both the salinity and the
thickness of the layer. In the remainder of the manuscript,
we will refer to this layer between the surface and the depth
of the 34.7 psu isohaline as the surface fresh layer, and to
the warm layer beneath as the intermediate layer.

The general distribution of freshwater and temperature
in the CTRL simulation matches the climatology reason-
ably well. The main difference is visible along the coast of
Greenland, where the model exhibits a larger freshwater
content, larger vertical temperature maximum but a smaller
sea surface temperature (SST) than the climatology. This
difference could likely be due to a deficiency in the PHC
climatology, whose coarse resolution and data process-
ing method do not allow for a proper representation of the
boundary currents along the coast of Greenland (Rattan
et al. 2010). The modeled southward volume and freshwa-
ter transports through Fram Strait are consistent with obser-
vations, with mean values of 9 Sv and 41 mSy, respectively,
compared to the estimates of 4-10 Sv and 37 mSv by de
Steur et al. (2009).
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ence between the two model runs. Regions shown in white are where
the salinity is larger than 34.7 psu at all depths

On the western side of Greenland, additional input of
freshwater comes from the export of Arctic water through
the Canadian Arctic Archipelago (CAA) and eventually
Davis Strait. The CTRL simulation underestimates the vol-
ume transport and hence the freshwater transport of the
export through Davis Strait by a factor of two compared to
the observational estimates of Cuny et al. (2005) and Curry
et al. (2011) (2.3-2.6 Sv and 92-116 mSv for the net vol-
ume and freshwater transports, respectively). The CTRL run
values are, however, within the range of values found by
Jahn et al. (2012) who compared 11 different state-of-the-
art ocean—sea ice models.

3 Large-scale changes in water mass properties
and circulation

In this section, we investigate the ocean conditions in the
Subpolar and Nordic seas simulated by the 4 x CO, experi-
ment. Examination of the differences between the 4 x CO,
and the CTRL simulations allows us to determine the ocean
response to increasing levels of CO; in the atmosphere.
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In response to the 4 x CO, forcing, the ocean tempera-
ture increases everywhere in the subpolar gyre, the Nordic
Seas and the Arctic Ocean (Fig. 3). The largest warming
occurs in the Greenland and Norwegian Seas (~4-5 °C
), while the Labrador Sea and Baffin Bay on the western
side of Greenland exhibit only moderate warming (~1-2 °C
). Similar patterns emerge if the temperature changes are
examined in the surface or intermediate layers (not shown)
instead of at the temperature maximum (Fig. 3).

In their study, Yin et al. (2011) show the multi-model
average of the intermediate layer warming in 2100 pre-
dicted by 19 IPCC AR4 models. However, the tempera-
ture change in the intermediate layer (defined between two
fixed depths) reflects both changes in the subtropical-ori-
gin water mass temperature and changes in the stratifica-
tion (i.e., the depth of the upper limit of the warm layer).
Here we examine these two aspects separately, by looking
at changes in the temperature at the vertical maximum and
in the freshwater content. Similar to Yin et al. (2011), the
warming in the Greenland and Norwegian Seas is among
the largest predicted by the 4 x CO; run anywhere in the
world (not shown). However, the change in solar heat flux,
atmospheric temperature and net atmospheric heat flux to
the ocean surface is small in this region compared to other
regions of the global ocean in the HiGEM model (not
shown) and more generally in [PCC models (Stendel et al.
2008). This suggests that the warming signal in the Green-
land and Norwegian Seas is related to dynamical ocean
circulation changes in these regions, with an intensification
of the gyre by ~2 Sv (Fig. 1). Both the northward and the
southward transports through the Iceland-Scotland ridge
increase, by 3.7 and 2.8 Sv respectively, leading to a rela-
tively small change in the net transport, as also found by
Yin et al. (2011). Since Woodgate et al. (1999) showed that
the transport of the East Greenland Current can be derived
from simple Sverdrup dynamics, any change affecting the
wind stress curl results in a change of the barotropic circu-
lation (Fig. 1). We suggest that the ocean circulation change
is the consequence of a change in wind stress curl, with an
increase of the northward wind to the south and east of Ice-
land occurring simultaneously with a strong decrease of the
southward wind through Fram Strait and all along the EGC
(Fig. 2).

Together with the intensification of the gyre in the
Greenland and Norwegian Seas, Fig. 1 shows a large 8-10
Sv decrease of the subpolar gyre intensity. The weakening
of the subpolar gyre is consistent with the quasi disappear-
ance of deep convection in the Labrador Sea in the 4 x CO;
run, with the mixed layer depth in March decreasing by
more than 600 m in this region. This also results in the
weakening of the Meridional Overturning Circulation by
about 25 % (from ~20 to ~15 Sv at 26°N), as documented
by Thomas et al. (2012). The decrease of the subpolar gyre

intensity explains the moderate warming of the temperature
maximum (~1-2 °C) along the coast of Greenland from
Denmark Strait to Davis Strait: although the warm sub-
tropical water delivered along the Greenland coast becomes
warmer under a warming climate, this effect is mitigated by
the circulation that tends to deliver a smaller volume flux of
subtropical water.

Along with a warming of the intermediate layer around
Greenland, Fig. 4 shows an increase in the freshwater con-
tent of the surface fresh layer all along the Greenland coast
by 3-6 m (computed with respect to a reference salinity of
34.7 psu), which represents a ~30 % increase of the values
computed from the CTRL simulation. This freshening is due
to a decrease in the salinity of the surface fresh layer rather
than a deepening of the 34.7 psu isohaline (not shown),
that can be explained by the increase of Arctic freshwater
export that occurs on both sides of Greenland through Fram
Strait and Davis Strait (by 75 and 80 %, respectively). This
increase in freshwater export under a warming climate has
been previously reported and linked to increased runoff and
net atmospheric input as well as to the summer sea-ice dis-
appearance in the Arctic Basin (Koenigk et al. 2007; Jahn
and Holland 2013). The freshening around Greenland will
tend to enhance the stratification in the surface fresh layer,
limiting the delivery of warm water to the GrIS.

The surface fresh layer around Greenland is also affected
by a warming in the 4 x CO; run. When we examine the
climate response as a function of season, we find that this
warming occurs almost entirely during summer. This is
due to the disappearance of sea ice in summer, leading
to a large increase of the SST along the Greenland coast
(Fig. 5). In contrast, sea ice is still present along the coast
in winter in the 4 x CO; run, and thus the SST in winter
remains at the freezing point and does not change much
between the two runs (Fig. 6). The disappearance of sea ice
in summer may also have direct consequences for glacier
melting, as sea ice along the coast acts as a barrier between
the atmosphere and the ocean that damps the atmospheric
forcing acting on the fjords (Day et al. 2013). For example,
mechanical break-up of ice shelves due to wave action is
reduced. Without this barrier, marine-terminating glaciers
will be more vulnerable to calving and melting in the future
(Reeh et al. 2001).

4 Changes in near Greenland conditions

The changes in temperature and salinity resulting from
increased CO; exhibit a large spatial variability, both in
the horizontal and the vertical dimensions, as discussed
in the previous section. Figure 7 shows the large-scale
ocean conditions as well as the properties of water masses
found within the region bounded by the 400 m-isobath.
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SST - JAS

Fig. 5 Mean SST for summer (July—August-September), com-
puted for the two simulations and the Reynolds SST product (Reyn-
olds et al. 2002), averaged over 1971-2000, as well as the differ-

This isobath is considered as a reasonable upper limit of
the boundary between the shelf and the continental slope
around Greenland based on our inspection of the model
bathymetry and supported by the observational studies of
Woodgate et al. (1999) and Daniault et al. (2011) who ana-
lyzed mooring data from across-slope sections at different
locations around Greenland. The large-scale conditions
in the 4 x CO; run are generally fresher and warmer than
in the CTRL experiment, and this is also true of the water
masses close to the Greenland coast. This suggests that the
large-scale changes result in modified properties of water
masses in contact with the Greenland coast and its outlet
glaciers, altering the amount of ice sheet potentially melted
by the ocean.

Figures 8, 9 and 10 show the profiles of temperature,
salinity and buoyancy frequency along a section roughly
following the 400 m isobath clockwise, starting from the
north of Nares Strait, and Figs. 11 and 12 show the sea-
sonal cycle amplitude and the standard deviation from the
annual mean for the temperature along the same contour.
In the following paragraphs, we examine the changes along
various segments of the contour, namely the part from the
north of Nares Strait to Fram Strait (region A), from Fram
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ence between the two runs. The white line indicates the sea ice edge,
defined as the 15 % concentration contour

Strait to Denmark Strait (region B), from Denmark Strait
to Cape Farewell (region C), from Cape Farewell to Davis
Strait (region D) and from Davis Strait to the southern end
of Nares Strait (region E). Applying a student 7 test, the
amplitude of the difference in temperature and salinity
between the two runs is also compared to the amplitude of
the seasonal and interannual variability to assess the sig-
nificance of the change. In general, the CTRL run tends
to underestimate the interannual variations of temperature
and salinity found in the observations around Greenland.
This is likely due to an underestimation of the interannual
variability of the atmospheric forcing at the ocean surface
(wind, heat flux) when compared to the variations found for
instance in the NCEP reanalysis (not shown). This under-
estimation of the standard deviation in the model may lead
to a tendency to overestimate the significance of the differ-
ence between the two runs.

In region A, along the northern coast of Greenland, the
difference between the 4 x CO; run and the CTRL run
consists of a freshening (~1 psu) of the surface fresh layer
(down to 100 m) and a strong warming (~2 °C) below 100
m. The freshening of the upper layer in this region is con-
sistent with the increase of freshwater export along both
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Fig. 6 Mean SST for winter (January—February—March), com- between the two runs. The white line in the top panels indicates the

puted for the two simulations and the Reynolds SST product (Reyn- sea ice edge, defined as the 15 % concentration contour
olds et al. 2002) averaged over 1971-2000, as well as the difference
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Fig. 7 Scatterplots of temperature against salinity for all model grid bounded by the 400 m-isobath around Greenland in red. The thick
points within the region 104°W—-10°E and 50°N-90°N in grey (the dotted line indicates the freezing line, and the thin dotted lines are
Hudson Bay and the Baltic Sea are excluded), and within the region isopycnals referenced to the surface
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Fig. 8 Vertical temperature profile along the blue contour around
Greenland indicated in the bottom right panel, following roughly the
400 m isobath, computed for the two simulations and the difference
between them. The red, black and green crosses correspond to the

sides of Greenland, since water found in the Lincoln Sea
and on the northern Greenland continental shelves is even-
tually advected through Fram Strait and Nares Strait (Lique
et al. 2010; de Steur et al. 2013; Jackson et al. 2014). As
the salinity decreases in the upper layer, the stratification is
enhanced. The GrlS thus remains isolated from the warm
water masses. The temperature change in the intermedi-
ate layer indicates a warming of the Atlantic Water (AW)
layer within the Arctic Ocean. Observations in this region
have revealed that the AW temperature exhibits large inter-
annual variations with a range of 1-2 °C (de Steur et al.
2013; Jackson et al. 2014), but the model clearly underes-
timates these inter-annual variations (Fig. 12).The warm-
ing signal shown by the 4 x CO, is significant and may
affect the marine-terminating glaciers on the northern coast
of Greenland. Moreover, the 4 x CO; run also reveals the
presence of a seasonal cycle (Fig. 11), while the CTRL run
does not, which is consistent with the observational and
modeling study of Lique and Steele (2012) for the present-
day conditions. The existence of a seasonal cycle in the
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start, the different straits and the end of the contour, as indicated on
the x-axis of the other panels. The white contour corresponds to the
0 °C isotherm in the top panels

4 x CO, simulation is linked with the disappearance of sea
ice in summer (Fig. 5), leading to a more efficient heating
of the ocean by the atmosphere during this season. This
might lead to a seasonal enhancement in the melting of out-
let glaciers.

The temperature and salinity changes affecting region
B are the largest in magnitude, with a warming greater
than 4 °C along most of the section, together with a salin-
ity increase of ~1 psu and a decrease of the buoyancy fre-
quency. These modifications are related to the large-scale
intensification of the Greenland Sea gyre, as discussed in
the previous section. Glaciers along the northeastern coast
of Greenland have not yet been subjected to strong melt-
ing (Moon and Joughin 2008), as subtropical-origin water
in this region is relatively cold and confined deep below a
fresher layer (Straneo et al. 2012b). Compared to the CTRL
run’s results, the 4 x CO; run shows a strong warming
including in the surface fresh layer. The warming is much
larger than the seasonal and interannual temperature varia-
tions simulated by the CTRL run (Figs.11, 12). The surface
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Fig. 9 Vertical salinity profile along the blue contour around Green-
land indicated in the bottom right panel, following roughly the 400 m
isobath, computed for the two simulations and the difference between
them. The red, black and green crosses correspond to the start, the

warming is also reinforced by the disappearance of sea ice
along the Greenland Coast in summer (Fig. 5). This sug-
gests that outlet glaciers in this region could be strongly
affected by melting, if the warm water masses reach the
interior of the different fjords along the coast.

Downstream from Denmark Strait in region C, the sig-
nature of the warm and salty subtropical-origin waters
is visible below the upper layer in the CTRL run. These
waters are warmer by about 2 °C in the 4 x CO; run. More-
over, the surface fresh layer in this region also undergoes
a warming by up to 4 °C, and the stratification decreases.
Using recent observations from seal dives in the Irminger
Sea along the Greenland coast, Sutherland et al. (2013)
have shown that the temperature profile exhibits huge
annual-to-interannual variability, and these variations are
not well captured by the satellite observations of SST vari-
ations. In the model, the amplitude of the seasonal cycle in
temperature is around 2—4 °C in the CTRL run and remains
roughly the same in the 4 x CO; run (Fig. 11). In contrast
to the observations of Sutherland et al. (2013), neither of

different straits and the end of the contour, as indicated on the x-axis
of the other panels. The white contour corresponds to the 34.7 psu
isohaline in the fop panels

the two simulations exhibits significant variability on inter-
annual timescales (Fig. 12), making the climate change
response in temperature between the two runs significant.
As current outlet glacier melting in this region is thought to
be triggered by the warm ocean in contact with the Green-
land coast, one might expect that the glaciers will continue
to melt until their disappearance.

The Labrador Sea coast (region D) exhibits a moderate
warming, and a freshening under 4 x CO; (resulting again
in enhanced stratification), consistent with the changes
affecting the subpolar gyre discussed in the previous sec-
tion. Except over the Davis Strait sill, where the intermedi-
ate layer shows a warming larger than 3 °C, the warming
along this section of the Greenland coast is around 1.5-
2.5 °C. Again, the two runs exhibit almost no inter-annual
variability in temperature, while observations reveal some
large year-to-year variations [~3—4 °C, Myers et al. (2007)].

Within Baffin Bay (region E), the changes simulated by
the 4 x CO» run are similar to those found along the northern
coast of Greenland, with a strong freshening and a moderate
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Fig. 10 Vertical profile of the buoyancy frequency squared (N?)
along the blue contour around Greenland indicated in the bottom
right panel, following roughly the 400 m isobath, computed for the

warming of the surface fresh layer along with a stronger
warming within the intermediate layer. Holland et al. (2008)
have linked the melting of the Jakobshavn Isbrae glacier in
this region with an observed warming in the intermediate
layer by 1 °C on average since 1997, although inter-annual
variations occur over a 2-3 °C range. In contrast, the salinity
profile has remained roughly constant over the same period.
Again, the model underestimates the observed inter-annual
temperature variations. The significant warming seen in
the 4 x CO; run suggests that the outlet glaciers in Baffin
Bay will likely continue to undergo enhanced melting in the
future, although the decrease of the salinity (and the associ-
ated increase in stratification) will tend to isolate the GrIS
from the warm water found in the intermediate layer. Moreo-
ver, due to the sea ice retreat in summer in the northern part
of Baffin Bay (Fig. 5), the amplitude of the temperature sea-
sonal cycle in the surface fresh layer strongly increases in the
4 x CO7 run (by ~5 °C), suggesting that the seasonality of
glacier melting in this region could change in the future with
an intensification during summer.
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two simulations and the difference between them. The red, black and
green crosses correspond to the start, the different straits and the end
of the contour, as indicated on the x-axis of the other panels. The
white contour indicates the mixed layer depth in the fop panels

5 Influence on the Greenland Ice Sheet

The HIGEM model (like almost all of the state-of-the-art
climate models) does not include any dynamical represen-
tation of the terrestrial ice sheet and thus does not allow a
direct examination of the interaction between the ocean and
the GrIS. To gain some insight into the possible implica-
tions of ocean warming for the stability of the GrIS, we
use the parameterization of Beckmann and Goosse (2003)
to examine the ice sheet—ocean interactions. This param-
eterization was originally developed for a coarse resolu-
tion ocean/sea ice coupled model (3° in latitude and longi-
tude and 20 vertical levels) and more specifically designed
for Antarctica (no equivalent has yet been developed for
Greenland). For models at that resolution, a proper rep-
resentation of ice shelves, calving faces and fjords is not
possible, yet taking into account the ice sheet—ocean inter-
actions is essential for long term climate studies as these
processes are not stationary. When included in a coupled
model, the parameterization provides an estimate of both
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Fig. 11 Vertical profiles of the amplitude of the temperature seasonal
cycle along the blue contour indicated on the bottom right panel, fol-
lowing roughly the 400 m isobath, computed for the two simulations

the oceanic melting of ice shelves and the resulting water
mass modification. Here, despite the fact that many of
Greenland’s outlet glaciers are tidewater glaciers with ver-
tical calving faces rather than floating ice shelves, we use
the parameterization, offline, to get a first order estimate
of the effect of water mass changes under 4 x CO; on the
GrIS stability.

Following Beckmann and Goosse (2003), the total net
ocean-forced melt rate (77, in m> s~!) can be diagnosed as:

Qnet

"= piLi’ 1

where p; = 920 kg m—> is the density of the ice sheet,
L; = 334,000 J kg~ is the latent heat of fusion, and Q" is
the net heat flux from the ocean to the ice sheet, computed
as:

Qnet = pWCpWVT(T:Cgan - Tf)LlLQ’ 2)
where  p,, = 1,000 kg m~3 is the water density,
cpw = 4,000 J kg~! °C~! is the specific heat capacity of
water, yr = 10~* ms~! is the constant thermal exchange

around Greenland

41((?02 run

Nares N. Fram Denmark Farewell Davis Nares S.

and the difference between them. The red, black and green crosses
correspond to the start, the different straits and the end of the contour,
as indicated on the x-axis of the other panels

velocity, T}, is the ocean temperature and 77 is the freezing
temperature (that depends on salinity and pressure), L is an
effective cross shelf length taken as 10 km following Beck-
mann and Goosse (2003) and L, is an along shelf characteris-
tic length scale taken as 10 km following the glacier geome-
try described by Straneo et al. (2010) or Johnson et al. (2011).

Using the parameterization to examine the basal ice shelf
melting around Antarctica, Beckmann and Goosse (2003)
and Hattermann and Levermann (2010) chose the mean
temperature between 200 and 600 m, averaged across the
slope between the 500 and 1,000 m bathymetry contours,
to estimate T, and the freezing point (Ty) was computed
at 200 m (i.e., roughly at the base of the ice shelf). These
choices were made as continental shelves and the exchange
between them and the deeper ocean basins are not accu-
rately represented in ocean climate models.

Here we follow a similar approach. We choose 200 m
as the upper limit at which water masses may interact
with the ice sheet. While the interaction between the
Greenland outlet glaciers and the ocean might occur all
along the vertical calving face up to the surface, Straneo
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Fig. 12 Standard deviation of the vertical temperature profile (com-
puted from annual averages) along the blue contour indicated on the
bottom right panel, following roughly the 400 m isobath, computed
for the two simulations and the difference between them. The red,

and Heimbach (2013) show that most of the ocean-forced
melting occurs in the intermediate layer where the warm
subtropical-origin water is found. We thus define T,
as the mean ocean temperature between 200 and 600 m,
averaged across the slope between the 400 and 1,000 m
depth contours. The freezing point is computed at 200 m,
with the salinity averaged over the same section following
the TEOS-10 formulation (McDougall and Barker 2011).
The results show very little sensitivity to the choice of
depth (not shown). The ocean-forced melt rate com-
puted at each grid point along the Greenland coast is then
shown, whether or not a glacier can actually be found at
this location. We assume that all factors other than the
temperature and salinity remain constant between the two
model runs.

Results are shown in Fig. 13. Ocean-forced melt rates
computed from the CTRL run are largest in the south-
ern part of Greenland, where the retreat of outlet glaciers
has been observed during the past decade (Rignot and
Kanagaratnam 2006; Moon and Joughin 2008). Except
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in this region, the ocean-forced melt rates are small, with
values not exceeding 600 m® s~!. The ocean-forced melt
rates obtained from the parameterization applied to the
CTRL run have to be compared to the total melt rates for
the GrIS. For instance, Hanna et al. (2013) have estimated
that the mass loss from the GrIS has quadrupled over the
period from 1992-2001 (51 £ 65 Gt year™!, 1Gt year~! =
31.7 m? s71) to 20022011 (211 =+ 37 Gt year™!). The val-
ues obtained here corresponding to the melting triggered
by the ocean represent a significant part of the total GrIS
melt rate, although direct comparison should be drawn only
carefully as local processes, as well as geographical con-
straints, in the different fjords are not taken into account
in our estimate but are potentially crucial. Although the
realism of mean values computed here might be difficult
to assess, the changes between the two simulations pro-
vides indications on the effect of the change of the ocean
condition for the GrIS. Compared to the CTRL run, the
4 x CO, simulation shows higher ocean-forced melt rates
everywhere along the Greenland coast, except for a small
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Fig. 13 Ocean-forced melt rate (in m® s—!) along the Greenland coast
computed for the two simulations and the difference between them
(absolute values are given in the bottom left panel and anomalies in

region in Nares Strait. Note, however, that Nares Strait is
mostly shallower than 400 m and so the applicability of the
parameterization is particularly questionable there. Com-
pared to the CTRL run, the largest increase occurs along the
coasts adjacent to the Greenland Sea and Baffin Bay, with
an increase by about 150 %. Along the Arctic northern side
of Greenland, the ocean-forced melt rates are also twice as
large in the 4 x CO; run. This suggests that the Greenland
glaciers north of 68°N might be affected by the tempera-
ture increase in the future, while observations have only
revealed moderate melting in this region so far.

6 Summary and conclusions

The ocean plays a significant role in the retreat of the out-
let glaciers that drain the GrIS. Hence, future changes in
ocean conditions near Greenland may have important con-
sequences for the GrIS mass balance and consequently for
sea-level. Here we have used the high resolution climate
model HIGEM to examine the effect of a warming climate

percent are shown in the bottom right panel). The rates are computed
from the parameterization of Beckmann and Goosse (2003) (see
Sect. 5 for the details of the computation)

on the hydrographic properties of the water masses that
might affect the outlet glaciers around Greenland.

In response to a strong increase in atmospheric CO;
concentrations, the ocean around Greenland exhibits a
strong warming, most intense in the intermediate layer.
The warming signal shows large variations in space, both
in the horizontal and the vertical. In the model, the larg-
est signal (~5 °C) is found in the Greenland Sea, where it
occurs simultaneously with a strong intensification of the
wind-driven barotropic circulation that tends to accumulate
more subtropical-origin warm water. Changes in the ocean
dynamics have a larger impact on the hydrographic prop-
erties in the region than any local changes in atmospheric
flux.

The future ocean conditions near Greenland as simulated
by HiGEM provide a backdrop and source water for the
more localized hydrographic conditions found in the indi-
vidual fjords, where warmer water masses have the poten-
tial to increase outlet glacier melting. We find, however,
that the effect of the warming in the intermediate layer can
be mitigated by the freshening of the surface fresh layer
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(linked with the increased export of Arctic freshwater to
the east and west of Greenland) which results in enhanced
stratification that limits the interaction of the warm water
found in the intermediate layer with the ice. Recently, Jen-
kins (2011) and Sciascia et al. (2013) have used idealized
process models to examine the details of ice shelf and tide-
water glacier melting. The two studies have explored the
dependence of melt rate on the warm intermediate layer
thickness, temperature and salinity. Our results provide an
indication of the possible evolution of each of these varia-
bles. Sciascia et al. (2013) find that a change in warm layer
thickness might have a larger impact than a change of tem-
perature in this layer. The depth of the upper limit of the
warm intermediate layer will depend heavily on salinity
and Arctic freshwater export, and it will be important for
future process studies to explore the effect of changes to
the surface fresh layer.

Although the climate model used in this study is at the
high-end in term of its resolution relative to existing cou-
pled climate models, the model does not include a dynami-
cal ice-sheet component and the resolution is still far too
coarse to resolve any of the details of the fjord dynamics
around Greenland (this would require a resolution on the
order of a few hundred meters). It has, however, been sug-
gested that local atmospheric and oceanic processes, as well
as the geographical parameters of each fjord, strongly alter
the background water mass properties found at the entrance
of the fjords (e.g., Straneo et al. 2012b). This makes the
interaction between the ocean and the GrIS very difficult
to generalize or quantify, since the dynamics likely differ in
each individual fjord. In order to get some insight into the
effects of the projected changes of near-Greenland ocean
conditions on GrIS melting, we have computed offline the
ocean-forced melt rates obtained from a parameterization
commonly used in state-of-the-art climate models. This
parameterization only takes into account the large-scale
hydrographic conditions, disregarding any of the local pro-
cesses that would need to be included in the future genera-
tion of parameterizations for ice sheet—ocean interactions.
Despite these limitations, our results show that large out-
let glacier melting can occur along the north-east coast of
Greenland between Fram Strait and Denmark Strait, where
only limited melting has been observed up to now (Moon
and Joughin 2008). As the scientific community is currently
identifying key monitoring sites (Straneo et al. 2012a), our
results suggest that these efforts should not be limited to
the locations where melting is currently the most rapid, as
other regions might contribute more to the total GrIS mass
loss in the future. Procuring background monitoring of sites
where no melting has yet been observed will be important
to properly document future changes.

Most of the current effort in understanding the
link between the outlet glacier retreat and the ocean
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temperature has been focused on the subsurface sub-
tropical-origin warm water masses. We find that the
projected temperature changes are indeed intensified in
the intermediate layer. However, the surface fresh layer
also shows a large warming, intensified in summer due
to the disappearance of sea ice during this season. One
expects that, in the future, once the floating and tidewater
glaciers have melted, the ocean will only affect the GrIS
indirectly, by releasing heat to the atmosphere leading to
an increase in melting from above. At that stage, surface
warming of the ocean might be more important than the
subsurface warming. Additionally, any modification of
the freshwater input to the ocean due to a changed GrIS
melt rate has the potential to modify the circulation in
the Nordic Seas and the subpolar gyre (e.g., Marsh et al.
2010), modulate deep convection, and influence the ther-
mohaline circulation (Fichefet et al. 2003; Swingedouw
et al. 2013), with the potential for feedbacks both posi-
tive and negative on the GrIS. Climate change studies
using high-resolution, fully integrated models with inter-
active ice-sheet components will be essential to make
reliable long-term projections.
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